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ABSTRACT
Hearing is often believed to be more sensitive than touch. This assertion is based on a comparison of
sensitivities to weak stimuli. The respective stimuli, however, are not easily comparable since hearing
is gauged using acoustic pressure and touch using skin displacement. We show that under reasonable
assumptions the auditory and tactile detection thresholds can be reconciled on a level playing field. The
results indicate that the capacity of touch and hearing to detect weak stimuli varies according to the size
of a sensed object as well as to the frequency of its oscillations. In particular, touch is found to be more
effective than hearing at detecting small and slow objects.
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Introduction
Despite obvious differences in their respective perceptual
acumen, hearing and touch share the common purpose
of detecting the rapid movements of external objects. To
do so, touch detects the vibrations of the skin caused
by contact with external objects and hearing detects the
airborne waves radiated by distant objects.
The surfaces that we tactually interrogate often emit
sounds and remote oscillating objects can also come in
direct contact with the skin. This is the case, for instance,
when a flying insect lands on your arm or when you
grab a buzzing alarm clock. Tactile and auditory stimuli
are thus frequently correlated because hearing and touch
access common mechanical sources.
The coupling between hearing and touch is also me-
diated by the body itself since certain acoustic waves
can be felt and certain bodily vibrations can be heard1–4.
Research has shown that hearing and touch frequently par-
ticipate jointly in the elaboration of percepts, resulting in
numerous neural correlates of co-activation of somatosen-
sory and auditory areas5–17. There are also myriads of
perceptual interactions between hearing and touch18–36.
Tactile sensitivity ranges from continuous skin load-
ing to vibrations of 1 kHz, while audition responds to
acoustic pressure from 20 Hz to 20 kHz, thus, hearing
and touch overlap in the lower frequency range. This
apparent redundancy carries the advantages associated
with the robustness afforded by multiple senses accessing
a same physical quantity37, but are there other benefits?
Comparisons made using discrimination or identifica-
tion tasks are fraught with difficulties because hearing
and touch excel in different perceptual domains. For ex-
ample, hearing can track a single voice buried in a busy
auditory landscape38, 39 and touch can instantly identify
the materials of objects40 even in the absence of thermal
and textural cues41.
The detection of weak stimuli, however, is a task where
a fair comparison is possible. To this end, we used the
physics of sound production to convert the tactile de-
tection thresholds into sound pressure levels radiated
by oscillating surfaces at a distance typical of an arm’s
length. Conversely, we expressed the auditory detection
thresholds in terms of the vibration amplitudes of radi-
ating surfaces. This method, which to our knowledge
is novel, allowed us to quantify which modality is more
effective at detecting an object according to its frequency
of oscillation and to its size. Unexpectedly, we found that
the objects around us that we can feel cannot be heard if
they are small and if they move slowly.
Results
The auditory threshold is defined to be the level at which a
person can detect a sound half of the time during repeated
trials42. For pure tones produced by a sound source lo-
cated in front of a listener and assuming plane wave prop-
agation in free space, this threshold can be expressed by
the sound pressure level (SPL) obtained from the acous-
tic pressure root-mean-square (RMS) value, Prms, using
SPL = 20log10(Prms/Pref) where Pref = 2.0×10−5 Pa is
the reference pressure and where Prms = P/
√
2 if P is the
wave amplitude.
Acoustic waves propagate in the auditory canal and
set the eardrum into vibration. Vibrations are transmitted
through the ossicles and the round window to produce
auditory sensations. The knowledge of the impedance
transfer function of this system would be required to
resolve pressure thresholds in terms of displacements.
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To circumvent this problem, eighty years ago, Wilska
developed a method to vibrate the eardrum through a
rigid rod43. This way, he could directly determine the
auditory threshold in terms of vibration amplitude. Later,
Geischeider used this result to compare auditory detec-
tion thresholds with tactile detection thresholds obtained
by vibrating pistons impinging on the skin44. The com-
parative diagram is reproduced in Fig. 1 showing that the
eardrum is more sensitive than the skin for frequencies
higher than 20–50 Hz. At its optimum, around 300 Hz,
the tactile displacement threshold of the thenar eminence
of the hand is indeed about 0.1 µm, while hearing at
the same frequency can detect displacements as small as
0.1 nm, limited only by quantum physics45.
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Figure 1. Tactile detection threshold of the hand thenar
emminence44(thick line). Auditory threshold by direct
excitation of the eardrum (thin line)43. ISO226 auditory
threshold42 expressed as displacement under the
assumption of plane wave propagation (2) (dashed line).
In air, the law of conservation of momentum links
mechanical displacement to acoustic pressure. To a first
order, if ρ is the mass density of air, u the fluid particle
displacement vector, and p the acoustic pressure,
ρ
∂ 2u
∂ t2
=−∇p. (1)
In the case of a plane wave normal to the x direction,
the pressure, p(x, t), has the form P(ω)e j(ωt−kx), where
ω = ck is the pulsation, if c is the wave velocity, and k
the wavenumber. Substituting this pressure field in the
wave equation (1) gives a particle displacement equal to
Ux(ω)e j(ωt−kx) propagating along the x direction. The
ratio of acoustic pressure to particle displacement is then,
P
Ux
(ω) = ρc jω = jZω, (2)
where Z ≈ 413 Pa·s·m−1 is the impedance of air at 20 ◦C.
The plane wave model can be employed to describe the
propagation of acoustic waves in the ear canal because its
diameter (≈ 8 mm) is two orders of magnitude smaller
than the wavelength (λ ≈ 0.3 m at one kHz). The concha
and the pinna, acting only at frequencies greater than
2 kHz46, have no acoustic role to play in our results. The
eardrum, having an impedance similar to that of air at low
frequencies47, moves like the fluid particles impinging
on it. Using (2) to express the auditory threshold we
found values expressed in terms of displacement that
indeed give values that are remarkably close to those
found empirically by Wilska, see Fig. 1.
Using these values to compare hearing and touch, how-
ever, is akin to considering a direct coupling of an os-
cillating surface with the eardrum. It does not account
for the conditions in which the sensory organs normally
operate. To make quantitative comparisons more relevant
one should consider the radiation patterns produced by
remote oscillating surfaces.
In their experiments, Bolanowski and predecessors
used pistons vibrating the skin through an aperture44, 48.
An oscillating piston surrounded by a fixed plane corre-
sponds to the baffled piston model used in sound radiation
problems. With this model, we can determine the sound
pressure level radiated by a piston oscillating at the tac-
tile detection threshold or the vibration amplitude of the
piston required to produce an audible sound.
The acoustic pressure produced on the axis of a baffled
piston of radius, a, is [49, p.180],
p(r, t) = ρc jωUp(ω)
(
1− e− jk(
√
r2+a2−r)
)
e j(ωt−kr)
= P(r,ω)e j(ωt−kr),
where Up(ω) is the displacement amplitude of the piston
and P(r,ω) is the pressure at a distance, r, and at pulsa-
tion, ω . In the near field, delimited by r < a2/λ with
a> λ , the ratio of pressure to displacement oscillates be-
tween zero and 2Zω . In the range from 20 Hz to 1 kHz,
the wavelength is comprised between 16 m and 0.33 m.
The near field region, where (2) holds approximately, can
therefore be neglected since pistons would have to be
larger than the contact areas with fingers and hands. In
the far field, r/a 1 and r/a> ka/2, the expression for
pressure amplitude simplifies to
P(r,ω)' 1
2
ρa2
r
ω2Up. (3)
Thus, in the far field the ratio of pressure to displacement
decreases with 1/r and we can compute the vibration
amplitude needed to reach a given acoustic pressure am-
plitude, P, at a certain distance and frequency,
Up(r,ω) =
2r
ρa2ω2
P. (4)
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Figure 2a shows the vibration amplitude required to
produce a sound audible from a distance of 50 cm—
typical of the distance of the hand to the ear—by listening
to the piston of radius 9.6 mm used by Bolanowski. The
tactile detection threshold found using this same source
is also shown.
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Figure 2. (a) Tactile threshold44 (solid line) and piston
oscillation amplitude required to reach the auditory
threshold (dashed line). (b) Auditory threshold42
(dashed line) and sound pressure level radiated at the
same distance by the same piston oscillating at tactile
detection threshold (solid line) (a= 9.6 mm, r = 50 cm,
ρ = 1.20 kg·m−3, c= 340 m·s−1).
Using the same data and model, Fig. 2b shows the
sound pressure level produced by the same piston oscil-
lating at the tactile detection threshold and compares it
with the auditory detection threshold. Over most of the
tactile sensitivity range, the vibration of a piston can be
felt but produces no audible sound.
The threshold curves now paint a very different picture
from that of Fig. 1. The tactile detection threshold is
below the auditory threshold for all frequencies below
300 Hz. Touch is indeed more sensitive than hearing in a
large range of frequencies.
Acoustic pressure is affected by the size of the pis-
ton and by its distance to the listener according to ex-
pression (3). Since acoustic pressure changes with 1/r,
the tactile threshold represented in Fig. 2b should be
increased by 6 dB when the distance to the vibrator is
halved. Verrillo48 measured how the tactile detection
threshold varied with the piston area and noticed that the
tactile detection threshold decreased by 3 dB per dou-
bling piston area, that is, proportionally to 1/
√
S. Equa-
tion (4) shows that the displacement needed to reach a
given acoustic pressure changes as 1/S. These scaling
laws proclaim that, as an oscillating surface decreases in
size, the tactile sensibility decreases at a slower rate than
the radiated sound pressure level providing even more
advantage to touch when the objects to be detected are
small.
This trend can be seen more clearly in Fig. 3 where the
sound pressure level calculated from the tactile detection
threshold values using various piston radii are reported
together with the auditory detection threshold. Small
objects, indeed, produce inaudible sounds over the entire
tactile sensitivity range. Only larger objects produce
audible sounds as well as tangible vibrations.
10 100 1000 10000
0
40
80
-40
-80
so
un
d p
res
su
re 
lev
el 
(dB
 SP
L)
frequency (Hz)
12.8
9.6
6.4
3.2
1.6
0.8
0.4
mm
hearing threshold
       at a distance of 50 cm
         piston oscillating at
tactile threshold
piston radii
Figure 3. Auditory threshold and sound pressure level
radiated at a distance of 50 cm by various pistons
oscillating at the tactile detection threshold48.
To quantify these findings more precisely, Table 1 col-
lects the differences in sound pressure level and the au-
ditory threshold for an oscillating piston at a distance of
50 cm. Positive values indicate the production of audible
sound at the corresponding tactile detection threshold. To
use this table for other listening distances, an increment
of +6 dB per halved distances should be added to these
values.
Lastly, for oscillating pistons, movement amplitude,
frequency, and speed obey the scaling law,
|U˙p| ∝ ω|Up|,
which, for a given movement amplitude, relates frequency
to speed.
Discussion
Under evolutionary pressure, our senses have probably
adapted to take advantage of the ambient physics. Ob-
jects around us cover many orders of magnitudes in term
of sizes, distances, and movement speeds. Having found
that hearing is not always more apt than touch at de-
tecting the small displacements of objects suggests that
hearing and touch have co-evolved to extend the range of
detectable of objects.
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Table 1. Difference in sound pressure level (dB SPL)
relative to the auditory threshold for a source at 50 cm
from the ear. Negative values indicate felt objects that
cannot be heard.
frequencies (Hz)
40 80 160 250 320 640
pi
st
on
ra
di
i(
m
m
) 12.8 -42 -21 -8 0 9 34
9.6 -46 -25 -12 -3 6 33
6.4 -53 -29 -13 -5 4 30
3.2 -64 -35 -17 -10 -2 24
1.6 -77 -47 -24 -15 -7 16
0.8 -88 -57 -30 -17 -9 7
0.4 -100 -69 -41 - 29 -20 - 4
When objects are small and oscillate slowly touch is
the only sensory option for their detection because the
acoustic energy that they radiate is small. It is in the high
frequency range where the objects oscillate rapidly, that
hearing is more effective than touch: mosquitoes can be
heard and felt, but ants can only be felt!
Of course, the relative sensitivity of touch and hearing
is also affected by many other factors such as the loca-
tion of stimulation on the body, the distance between the
source and the listener, or the orientation of the acoustic
source with respect to the listener; and we only consid-
ered acoustic sources realized by surfaces with uniform
out-of-plane motion. In particular, the results would dif-
fer in the case of vibrations propagating in a radiating
surface. The trend that we described would nevertheless
hold broadly and should be accounted for the design of
tactile stimulators and audio devices.
Acknowledgments. The writing of this article benefited
from insightful comments from Ophelia Deroy, David
Gueorguiev, David Alais, Ana Tajadura-Jime´nez, and
from help from Jose´ Lozada.
Authors’ contributions. CH and VH performed the re-
search and wrote the paper.
Funding. Work supported by the European Research
Council (FP7 Program) ERC Advanced Grant (PATCH)
to VH (No. 247300).
Competing interests. The authors declare no competing
interests.
References
1. Ba´ra´ny, E. A contribution to the physiology of bone
conduction. Ph.D. thesis, Thaning and Appels forlag
(1938).
2. Corso, J. F. Bone-conduction thresholds for sonic
and ultrasonic frequencies. The J. Acoust. Soc. Am.
35, 1738–1743 (1963).
3. Ha˚kansson, B., Tjellstro¨m, A. & Rosenhall, U. Hear-
ing thresholds with direct bone conduction versus
conventional bone conduction. Scand. Audiol. 13,
3–13 (1984).
4. Elsayed, A. M. et al. Air and bone conduction click
and tone-burst auditory brainstem thresholds using
kalman adaptive processing in nonsedated normal-
hearing infants. Ear Hear. 36, 471–481. (2015).
5. Foxe, J. J. et al. Multisensory auditory-
somatosensory interactions in early cortical pro-
cessing revealed by high-density electrical mapping.
Brain Res. Cogn. Brain Res. 10, 77–83 (2000).
6. Foxe, J. J. et al. Auditory-somatosensory multisen-
sory processing in auditory association cortex: An
fmri study. J. Neurophysiol. 88, 540–543 (2002).
7. Fu, K. M. et al. Auditory cortical neurons respond
to somatosensory stimulation. J. Neurosci. 23, 7510–
7515 (2003).
8. Murray, M. M. et al. Grabbing your ear: Rapid
auditory-somatosensory multisensory interactions in
low-level sensory cortices are not constrained by
stimulus alignment. Cereb. Cortex 15, 963–974
(2005).
9. Kayser, C., Petkov, C. I., Augath, M. & Logothetis,
N. K. Integration of touch and sound in auditory
cortex. Neuron 48, 373–384 (2005).
10. Cappe, C. & Barone, P. Heteromodal connections
supporting multisensory integration at low levels of
cortical processing in the monkey. Eur. J. Neurosci.
22, 2886–2902 (2005).
11. Schurmann, M., Caetano, G., Hlushchuk, Y., Jous-
maki, V. & Hari, R. Touch activates human auditory
cortex. Neuroimage 30, 1325–1331 (2006).
12. Caetano, G. & Jousmaki, V. Evidence of vibrotactile
input to human auditory cortex. Neuroimage 29,
15–28 (2006).
13. Hackett, T. A. et al. Sources of somatosensory input
to the caudal belt areas of auditory cortex. Perception
36, 1419–1430 (2007).
4/6
14. Yau, J. M., Olenczak, J. B., Dammann, J. F. & Bens-
maia, S. J. Temporal frequency channels are linked
across audition and touch. Curr. Biol. 19, 561–566
(2009).
15. Serino, A., Canzoneri, E. & Avenanti, A. Fronto-
parietal areas necessary for a multisensory represen-
tation of peripersonal space in humans: an rtms study.
J. Cogn. Neurosci. 23, 2956–2967 (2011).
16. van Wassenhove, V. & Schroeder, C. Multisensory
role of human auditory cortex. In The Human Audi-
tory Cortex (Springer, New York, 2012).
17. Ro, T., Ellmore, T. M. & Beauchamp, M. S. A neural
link between feeling and hearing. Cereb. Cortex 23,
1724–1730 (2013).
18. von Be´ke´sy, G. Similarities between hearing and
skin sensations. The Psychol. Rev. 66, 1–22 (1959).
19. Gescheider, G. A., Kane, M. J., Sager, L. C. & Ruf-
folo, L. J. The effect of auditory stimulation on
responses to tactile stimuli. Bull. Psychon. Soc. 3,
204–206 (1974).
20. Lederman, S. J. Auditory texture perception. Percep-
tion 8 (1979).
21. Jousma¨ki, V. & Hari, R. Parchment-skin illusion:
Sound-biased touch. Curr. Biol. 8, R190 (1998).
22. Caclin, A., Soto-Faraco, S., Kingstone, A. & Spence,
C. Tactile “capture” of audition. Percept. & Psy-
chophys. 64, 616–630 (2002).
23. Calvert, G. A., Spence, C. & Stein, B. E. The Hand-
book of Multi-sensory Processes (MIT Press, Cam-
bridge, MA, 2004).
24. Schurmann, M., Caetano, G., Jousma¨ki, V. & Hari,
R. Hands help hearing: Facilitatory audiotactile
interaction at low sound-intensity levels. J. Acoust.
Soc. Am. 115, 830–832 (2004).
25. Bresciani, J. et al. Feeling what you hear: auditory
signals can modulate tactile tap perception. Exp.
brain research 162, 172–180 (2005).
26. Tajadura-Jime´nez, A. et al. Auditory–somatosensory
multisensory interactions are spatially modulated by
stimulated body surface and acoustic spectra. Neu-
ropsychologia 47, 195–203 (2008).
27. Alais, D., Newell, F. N. & Mamassian, P. Multi-
sensory processing in review: from physiology to
behaviour. Seeing perceiving 23, 3–38 (2010).
28. Occelli, V., Spence, C. & Zampini, M. Audiotactile
interactions in temporal perception. Psychon. Bull.
& Rev. 18, 429–454 (2011).
29. Canzoneri, E., Magosso, E. & Serino, A. Dynamic
sounds capture the boundaries of peripersonal space
representation in humans. PloS one 7, e44306
(2012).
30. Lin, I.-F. & Makio, K. Perceptual grouping over time
within and across auditory and tactile modalities.
PloS one 7, e41661 (2012).
31. Ito, T. & Ostry, D. J. Speech sounds alter facial skin
sensation. J. Neurophysiol. 107, 442–447 (2012).
32. Okazaki, R., Kajimoto, H. & Hayward, V. Vibrotac-
tile stimulation can affect auditory loudness: A pilot
study. In Haptics: Perception, Devices, Mobility, and
Communication, 103–108 (Springer, 2012).
33. Frissen, I., Ziat, M., Campion, G., Hayward, V. &
Guastavino, C. The effects of voluntary movements
on auditory–haptic and haptic–haptic temporal order
judgments. Acta Psychol. 141, 140–148 (2012).
34. Desloge, J. G. et al. Auditory and tactile gap discrim-
ination by observers with normal and impaired hear-
ing. The J. Acoust. Soc. Am. 135, 838–850 (2014).
35. Landry, S. P., Guillemot, J. P. & Champoux, F.
Audiotactile interaction can change over time in
cochlear implant users. Front. human neuroscience
8 (2014).
36. Deroy, O., Fasiello, I., Hayward, V. & Auvray,
M. Differentiated audio-tactile correspondences in
sighted and blind individuals. J. Exp. Psychol. Hum.
Percept. Perform. (2016).
37. Ernst, M. O. & Bu¨lthoff, H. H. Merging the senses
into a robust percept. Trends Cogn. Sci. 8, 162–169
(2004).
38. Cherry, E. C. Some experiments on the recognition
of speech, with one and two ears. J. Acoust. Soc. Am.
25, 975–979 (1953).
39. Bregman, A. S. Auditory Scene Analysis: The Per-
ceptual Organization of Sound (MIT Press, 1990).
40. Bergmann Tiest, W. M. & Kappers, A. M. L. Analy-
sis of haptic perception of materials by multidimen-
sional scaling and physical measurements of rough-
ness and compressibility. Acta Psychol. 121 (2006).
41. Gueorguiev, D., Bochereau, S., Mouraux, A., Hay-
ward, V. & Thonnard, J.-L. Touch uses frictional
cues to discriminate flat materials. Sci. Reports 6,
25553 (2016).
42. International Organization for Standardization. ISO
226:2003 standard: Normal equal-loudness level
contours (2003).
5/6
43. Wilska, A. Eine methode zur bestimmung der
ho¨rschwellenamplituden des trommelfells bei ver-
schiedenen frequenzen. Skandinavisches Arch. fu¨r
Physiol. 72, 161–165 (1935).
44. Bolanowski Jr, S. J., Gescheider, G. A., Verrillo,
R. T. & Checkosky, C. M. Four channels mediate the
mechanical aspects of touch. The J. Acoust. society
Am. 84, 1680 (1988).
45. Bialek, W. Physical limits to sensation and percep-
tion. Annu. review biophysics biophysical chemistry
16, 455–478 (1987).
46. Shaw, E. A. The external ear. In Auditory Sys-
tem, chap. 14, 455–490 (Springer Berlin Heidelberg,
1974).
47. Allen, J. B. Measurement of eardrum acoustic
impedance. In Peripheral auditory mechanisms, 44–
51 (Springer, Berlin Heidelberg, 1986).
48. Verrillo, R. T. Effect of contactor area on the vibro-
tactile threshold. J. Acoust. Soc. Am. 35, 1962–1966
(1963).
49. Kinsler, L. E., Frey, A. R., Coppens, A. B. & Sanders,
J. V. Fundamentals of acoustics (Wiley, 2000), 4 edn.
6/6
